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The temperature dependence of specific electrical resistance p , 
coefficients of heat conductivity x and thermal emf a of cobalt and 
n5.ckel borides was studied in the interval 100^ 1200'K. Magnetic 
susceptibility x and the Hall coefficient R were determined for nickel 
borides at room temperature. The findings are discussed with regard 
for the concentration of current carriers .action uf different mechanisms 
for their scattering, and the location of the Fermi level in relation 
to the 3d- zone. 


CERTAIN PHYSICAL PROPERTIES OF COBALT AND 
NICKEL BORIDES 

I. I. Kostetskiy and S. N. L'vov'*' 

Despite the great practical importance of cobalt and nickel borides 
[1] , their physical nature has not been sufficiently studied. In a 
theoretical respect , these compounds are important both from the 
viewpoint of crystal chemistry , since three types of bonds are often 
simultaneously realized in them, Me-Me , Ke-B and B-B, and also be- 
cause of the presence of magr'eti/'. transformations in them. 

Cobalt forms three compos’ Js with bcron: Co^B, C 02 B and CoB [2]. 

The existence of nickel borides has been established the most reli- 
ably: Ni^B, Ni 2 B and NiB [3]. Co^B and Co^B borides are known as 

ferromagnetic. Ni^B and Ni 2 B belong to paramagnetiiis , while NiB and 
CoB apparently are diamagnetlcs . There are very few published data 
on the physical properties of the indicated compounds, and they are 
often contradictory. Only their magnetic characteristics have been 
studied more or less completely [2,4-6] and their x-ray absorption 
spectra [71. The obtained results permit certain conclusions to be 
drawn regarding the electron structure of the examined compounds. 
However, as yet there have not been any studies of their kinetic 
phenomena. For this reason, this work defined p, X and a at 100- 
1200®K for all the aforementioned borides , and also measured R and x 
at room temperature for nonferromagnetic borides. The findings are 
discussed from the viewpoint of the effect of different scattering 
mechanisms on the process of charge transfer , their concentration and 
the location of the Fermi level in relation to the 3d-zone. 

The borides were obtained by the method of direct synthesis at 
the appropriate temperatures from electrolytic cobalt (99. 7X), nickel 
(99. 8Z) and crystalline boron (99.5%). Test fpecimens were prepared 
according to the technique presented in [8] . X-ray and metallophysical 
analyses showed the one-phase nature of the test specimens , and chemical 
^'palysis showed the proximity of their composition to the stoichiometric 

N. K. Krupskaya Kherson Pedagogical Institute 
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Despite the great practical Importance of cobalt and nickel /I 

borides [1] 


The measurements were made according to the methods described In [ 9 , 

10 ]. 

Results of Experiment and Their Discussion 

Table 1 presents data on all studied parameters at room tempera- 
ture. Figures 1 and 2 show the temperature relationships p ,x and a. 

For CoB these relationships are given In table 2. As Is apparent, 
compounds Co^B , C 02 B , NI 2 B , NI 2 B and NIB have a metal nature of con- 
ductance , while CoB has a semiconductor nature. This requires se- 
parate examination of It. Therefore we Vrlll not discuss the pro- 
perties of CoB In this work. 

We will first examine the ferromagnetic borides Co^B and C 02 B. Jl^ 

1. The relationship p(T) of these compounds Is typical for 
ferromagnetic metals: their electrical resistance rises with an 

Increase In temperature , and In the transition through Curie point 
(7A7“ for Co^B an.i 429® for C 02 B (2]) the Inclination of the p(T) 
curve Is diminished (see fig. 1). For the first of tnem, p Is some- 
what greater than for the second in the entire temperature interval. 

As Is known , electrical resistance of ferromagnetic metals con- 
sists of a number of terms governed by different mechanisms of current 
carrier scattering and by the change in their energy spectrum which 
is caused by the presence of a magnetic order [8]. Each of these 
terms naturally has an Inverse dependence on the concentration of con- 
ductance electrons. As subsequent analysis shows, the correlation be- 
tween the quantities of resistances of Co^B and C 02 B Is apparently also 
governed by the Indicated dependence. In fact, evaluation of the 
concentrations of conductance electrons for the examined borides follows 
from the distribution of electrons by energy zones which can be 
obtained after using the data on saturation magnetization (1.116 and 
0.764 pg per atom of Co in Co^B and C 02 B [2]) and the Polingovskiy 
considerations about the number of B-B bonds. In examining the 
kinetic effects , it Is expedient to pass from atomic distributions by 
zones to volumetric [8]. by assuming according to (7] that the straight 

bonds B-B, at least In Co^B, arc missing, we obtain In conversion for 

3 ^ 

1 cm for CogB and C 02 B respectively: 
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(4sp)''‘‘*; (2sp)-* * (3(/)~®* • (4sp)-^’*. 


( 1 ) 


TABLE 1. PHYSICAL PROPERTIES OF COBALT AND NICKEL 
BORIDES (200*K) 
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Coiopound 


jx X 10 
bn.CGSM/j 


X 10 

CGSM/g 
lx atom Me 




taio* 

pxlO^ 

0x1 0^ 

cm^ /C 

Ohm X 

V/deg 


cm 



W/cm X deg 


(V)„n 

1 Ferrom. 

... 

1 - 

1 .'iO 

1 -40 1 

0.17 

<;<)„» 

1 Ferrcm. 



1 65 

1 -27 

0,14 

Colt 1 

-(l.*v'7 

(-o,:t|C|)» 

- 18.8 

-104 

1080 

1 

i -5' 

i 

0,17 

Nijlt 

1 

1-1.41 

( 88 

0 

21 

(25.5 |22|) 

1 —10,8 

1 

0,42 

Ni,.ll 

fO.73 
(-1 0.87 |0|) 

■■1 47 

i 0.5.1 

M 

-1.6 

0,55 

MS 

— O.OH 1 

(-0.01161) j 

-.1. 5 

t-C.G-tj 

50 

h2.3 

; (+3.015)) 

0.22 


The available published data are presented in the parentheses. 


TABLE 2. 
FOR CoB 


TEMPERATURE RELATIONSHIP p ,a AND X 



pxlO** 
Ohm X 
cm 

axlO** 

V/deg 

X 

w/cm 

|(KI 

f— — 1 

1120 

—40 

0.20 

2t»0 

1210 

-46 

0.18 

.300 

1070 

-51 

0,17 

4(K) 

000 

-51 

0,17 

.500 

OIH) 

-.56 

0. 10 

OIK) 

850 

—.58 

0.16 

7<KI 

780 

-.57 

0.16 

800 

710 

- 51 

0. 10 


CIO 

—48 

0.16 

KHIO 

.5.50 


0,16 


X deg 
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In these distributions , the nvnnbers over the symbols of the zones /776 

should be multiplied by 10^^, and then the number of corresponding 
electrons in 1 cm^ is obtained. As is apparent from (1) , the 
concentrations ot ^sp-electrons in Co^B is greater than in C 02 B. This 
is apparently explained by the lower resistance of the first boride 
than the second. 
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Figure 1. Temperature Relationship o£ Coe£> 
ficients of Thermal emf a (1) , Specific Elec* 
trical Resistance p (2) and Heat Conductivity 
A (3) of Ferromagnetic Cobalt Borides 

0-*heatlng; • — cooling; 0 and 0, --Curie points 
for Co^B and C 02 B respectively i2]. 

2. The absolute coefficient of thermal emf a for the examined 
borides has a negative sign, and with convergence to the Curie point 
it diminishes sharply in size (see fig. 1). In the paramagnetic 
region, it is comparatively small and maintains an almost constant 
value. The observed temperature relationship is qualitatively placed 
in the framework of the theoretical concepts developed for ferro- 
magnetic metals. In works [12, 13], the following approximate formula 
was obtained for a 





( 2 ) 


where c--Fermi level at temperature T; N and N' --density of states and 
its derivative for energy at the Fermi level in the unfilled d- subzone: 
^--charge of the current carriers with their sign. The second subzone 
is completely filled at low temperature. 

Based on expression (2) , the negative sign and rise in absolute 
quantity a with an increase in T in the region of low temperatures 
can be explained after assuming that in this case, c for both boi ides 
is located in the region of the minimum of the cutve of state density 
(N'*^ 0), and that electron conductance is the dominant. With a further 
increase in temperature , as the Curie point is approached , there is 
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0 



Figure 2. Temperature Relationship 
of Specific Electrical Resistance p ^ 

Coefficients of Thermal emf a and 
Thermal Conductivity X of Nickel 
Borides 

0--heating; X — cooling; • — data of [5]. 

a rapid superposition of the d-subzones and the quantity t is shifted 
in relation to the curve of density of states of the previously un- 
filled d-8ubzone on the section of tnis curve with rising positive 
derivative. This causes a drastic decrease in |cx| for both borides. 
After the Curie point , both d-subzones have already been completely 
superposed, and with a further rise in temperature, the superposition 
of c stops: a ceases to change drastically, which is actually 

observed. Analysis cf the temperature course of a in direct proximity 
to the Curie point is complicated because cf the effect of the second 
d- subzone. 

3. With regard for formula (1) one can compute for Co^B and C 02 B 

the degree of unfilling of the d-zone. The whole number of states in 

3 22 

it in conversion for 1 cm correspondingly equals 78.4 and 75.8 x 10 , 

I 22 

j while the number of free d-states is 8.6 and 6.1 x 10 Then the 

relative degree of unfilling of the d-zones will be 10 and 8Z, that is 
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roughly the same. By then using data on electron thermal capacity 
(y *7.05 ar.d 6.70 pJ/deg^ x g x atom Me for Co^B and C 02 B respectively. 
[11]), one can obtain the corresponding values of density of states 
on the Fermi level In conversion for 1 cm^: 23.3 and 21.4 x 10^^ le/ 

eV/cm'^. Since the density of the stages which mainly have d-symmetry, 
are close among themselves on the Fern., level , the actual levels for 
both compounds pass In the region of the minimum, and their heights, 
judging from the close values a at low temperatures , are also roughly 
the same, one can conclude that the structure of the d-zone for both 
compounds near the Fermi level and above It Is approximately the same. 

This conclusion agrees with the Ideas of the model of the rigid band 
and coincides with the analogous conclusion In [7] for the lowest 
borides . 

A. According to the obtained data (see fig. 1), the coefficient 
of heat conductivity of Co^B and C 02 B In the region of the Curie point 
has a minimum which Is characteristic for ferromagnetics [lA-16]. In 
the ferromagnetic region where the most rapid growth of electrical 
resistance Is observed with an Increase In temperature, heat conducti- 
vity diminishes , and after the transition through the Curie point 
where the rate of Its growth noticeably diminishes , the heat conduc- 
tivity rises. A similar correlation of temperature relationships p /777 
and X Is In qualitative correspondence to the requirements of the 
Wledemann-Franz law. It, In turn. Indicates the dominant role of the 
electron component In the process of heat transfer for both compounds. 

5. We will now examine the nonferromagnetic borides Nl^B, NI 2 B 
and NIB. The first two borides, according to [2, 17], reveal para- 
magnetism, while the latter Is a diamagnetic. This agrees with the 
results of [6] (see table 1). 

The susceptibility x for Nl^B and NI 2 B In calculation for 1 
g X atom of metal (see table 1) has the same order as for the d- 
transltlonal metals. One can therefore assume that a considerable 
contribution Is made by Pauli paramagnetism.^ In this case, x must 
be In direct dependence on the density of states on Fermi level c. 

Then the high values of x force us to assume the presence for them of 
an unfilled d-zone desolte the small number of vacant places In the 

This hypothesis was confirmed by the studies we made on the tempera- 
ture relationship of magnetic susceptibility of Nl^B and Nl 2 B. 
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Figure 3. Suggested Mutual Arrangement 
of 3d-, 4s-, 4p- Zones and Fermi Levels 
for Nickel Borides. 

Id-states of the metal nickel <0.6 per atom) and the donor role of 
boron [6] in the formation of borides. The Fermi level evidently 
passes through the right extreme steep slope of the curve N(c) for the 
indicated borides where the density of states is still fairly great 
(fig. 3). For Ni 2 B it must be located more to the right than for Ni^B. 
In the case of NIB (x < 0) , the quantity c is already located beyond 
the limits of the d-zone. 

6. The conclusions drawn regarding the arrangement of c in re- 
lation to the 3d- zone agree with the observed changes in electrical 
resistance in the series Ni^B, Nl 2 B, NiB. In the entire temperature 
region p for Ni 2 B is smaller than for Ni^B, but with a transition to 
NiB it again increases. In order to explain the reasons for the 
change in p , one should evaluate how the concentration of the main 
current carriers (4sp-electrons) changes in the indicated series of 
borides, and take into consideration the effectiveness of the main 
mechanism for their scattering. Assuming, as in [17], that for 
different borides of one metal, the ^pulatlon density of the 4sp- 
states (y.- el/atom) is appruximat»^ly the sane, that is, that through 
the boron electrons mainly the d-states alone are filled, one can 
evaluate the change in concentration of 4sp-electrons in the 
examined series of borides if structural data are used to determine 
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the number of nickel atoms In a unit of volxme of these compounds. As 
a result, we obtalnd for the indicated concentrations, 7.93, 7.55 and 
6.23 Ygp X IC^^ 1/cm^ respectively. The differevice in concentrations 
of the actual current carriers from these 4sp«electrons is apparently 
still greater, since a certain portion of than are diverted for parti- 
cipation in the Ni-B bonds. This portion rises with an increase in 
the boron content. This diversion is responsible for the special /778 

reduction in concentration of current carriers for NiB. However, in 
th«> transit ‘on from Ni^B to Ni 2 B, despite a certain reduction in 
carrier concentration, the electrical resistance, on the contrary, 
diminishes. This can be explained by weakening of their scattering. 

As a consequence of the unfilllng of the d-zone for Ni^B and Ni 2 B, 
the main contribution to electrical resistance is dictated by the 
scattering of the current carriers into d- states, and apparently, the 
reduced value of p of Ni 2 B is associated with the lower value for it 
of N^(c). The relatively high electrical resistance of NIB vhich is 
observed despite its lack of scattering into the d-zone , evidently 
can be induced by the signifjicantly reduced concentration of current 
carriers. In addition, as is apparent from fig. 2, the studied test 
specimens of this compound have fairly high residual resistance. 

7. Judging from the sign and relatively small size of the Hall 

coefficient R, besides the electrons, vacancies also participate in 

the conductance of the examined borides. This indicates the presence 

in these borides of at least two overlapping zones. These zones 

which provide the main contribution to conductance are the 4s- and 

4p-zones. It is natural to hypothesize that the zone which provides 

the vacancy contribution to conductance and is more than half filled 

is the 4s located more deeply as cempaved to the 4p«zone. The zone 

ti.at is responsible lor the electron contribution is the relatively 

elevated, slightly filled 4p-zone. In light of these considerations 

one should think that the population density of the sp- states which we 

designated above as v is very high in nickel borides. In any case, 

it is greater than one electron per atom of nickel. This means 

that in the 3-d zone of borides after distrlbutfon of the lOsp-electrons 

o f nickel . con siderably more free places remain for the boron electrons 

^e contribution of the d-zone to conductance is small because of the 
low velocity of its electrons on the Fermi level. 
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than 0.6 per atom of nickel as is usually believed for the metal 
nickel. In this respect, yet another substantiation appears for the 
hypothesis that distribution of electrons for nickel of the type 
3d’*^4sp^*^ based on a very elementary calculation, is not quite 
correct.^. It apparently Is closer to the distribution In atomic 
nickel. This conclusion facilitates the explanation of fairly strong 
paramagnetism observed In Nl^B and NI 2 B since It becomes more under- 
standable why free places still remain In the d-zone , despite the 
transition of boron electrons Into the d- states In the formation of 
bori des . 

8. The coefficient of thermal emf o of nickel borides (see 
table 1, fig. 2) with an increase in the boron content rises, and for 
the NIB compounds changes sign from negative to positive. For Ni^B 
and Nl 2 B the relationship o(T) has a fairly complex appearance, 
while for Ni^B and Nl 2 B it is close to linear. The observed nature 
of the relationship a(T) is qualitatively explained in the framework 
of the hypotheses made by the arrangement of the Fermi level in re- 
lation to the 3d-zone. 

Since the Fermi level for Ni^B and Nl 2 B passes in the d-zone , and 
therefore scattering of the current carriers is possible into this 
zone, the relationship a(T) can be expressed by formula (2). In 
analyzing this expression, we wil only take into account the electrons. 
A similar result is obtained for the vacancies. 

For Ni^B in a broad temperature interval, with a rise in tempera- 
ture, a at first increases, and then smoothly diminishes, maintaining 
a negative sign. Because the Fermi level for the examined boride 
passes thorugh the right, fairly steep incline of the curve ,N(e), the 
quantity N'(e), and consequently a < 0 are in correspondence with 

the experiment. Since N(e) on the slope of the curve drastically 
depends on the energy , even a slight reduction in t, caused by a rise 
in temperature, can significantly affect the nature of the relation- 
ship o(T) [20]. It is possible that as it drops, the Fermi level 
passes from the section of the curve N(e) with constant great slope 
to the section wi th diminishing slope [8] (see fig. 3). Then the 

\he indicated distribution is currently criticized , on the basis of 
both certain general considerations [18], and experimental data, for 
example , from x-ray spectra , according to which ~ 1 electron is lo- 
cated only in the 4p-states of nickel [19]. 
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observed initial growth and the further reduction in absolute amount 
of thermal emf are qualitatively explained. 

In a similar manner, but by the transition of the Fermi level 
during its drop to the section of the curve N(e) with constant slope, 
can one explain the linear rise in negative thermal emf after 400” 
even for Ni 2 B. Since for NiB the Fermi level lies beyond the limits 
of the d-zone , the interzonal transitions for it do not occur and the 
second term in the parentheses of the expression for o drops out. 

In this case, a simple temperature^proportional rise in a must occur. 
This is approximately observed, especially in the region of low 
temperatures , while the positive sign a is apparently explained by 
the clear dominance of vacancies in the formation of thermal emf of 
this boride. 

9. Thermal conductivity x (see table 1, fig. 2) is reduced in 
a number of Ni 2 B, Ni^B and NiB compounds, while electrical resistance 
rises. This correlation of these quantities is preserved in the entire 
studied temperature interval. For Ni 2 B and Ni^B with a rise in 
temperature, X drops, while the relationship p(T) is close to the 
straight proportionality. For NiB, on the contrary, X increases, 
while the rate of Increase in p is noticeably reduced. These obser- 
vations show that for the examined borides , the Wiedemann-Franz law 
is fulfilled at least qualitatively. This once again indicates the 
metal nature of their conductance and the dominant role of the 
electrons in the process of heat transfer. 

The rise in heat conductivity of NiB is probably dictated by the 
gradual reduction in the rate of growth in the electrical resistance 
as the temperature rises (see fig. 2). As noted in publication [8], 
none of the known mechanisms for scattering of the current carriers 
explains this nature of the relationship X(T) and p(T). An escape 
from the difficulty can be found if we assume that in such anomalous, 
but fairly common cases even for pure transitional metals , with an 
Increase in temperature the number of current carriers Increases [8,21]. 
This increase can occur , for example , through release of a certain 
number of electrons from participation in the valent bonds. This 
phenomenon is apparently also associated with a halting in the rise 
in thermal emf for NiB in the region of high temperatures. 
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